Core-shell SAPO-34@SAPO-18 composites possessing SAPO-34 single-crystal cores and SAPO-18 polycrystalline shells were synthesized by the epitaxial growth method. The core-shell SAPO-34@SAPO-18 composites have been characterized by XRD, SEM, TEM, N 2 physisorption, solid state NMR, and NH 3 -TPD. Finally, their methanol-to-olefin (MTO) catalytic activity was evaluated at 425 C, and coking behavior was investigated using a Thermax700 thermo-gravimetric analysis (TGA) instrument. The formation of SAPO-18 shell layers was affected by the crystal size, the surface roughness of core SAPO-34, and the silica content of SAPO-18 colloidal solutions. The core-shell SAPO-34@SAPO-18 composites exhibit better catalytic performance for the MTO reaction with over two times prolonged catalytic lifetime and nearly 9% improvement of selectivity to ethylene and propylene compared to the original core SAPO-34. The coke content of the core-shell catalyst distinctly increases to 22% from 19%,
Introduction
Silicoaluminophosphate (SAPO) molecular sieves, an important class of crystalline materials possessing intrinsic cavities and channels, are widely used in separation and catalysis.
1-3 A variety of SAPO molecular sieves with characteristic structures have been successfully synthesized since their rst invention by the Union Carbide Corporation in the 1980s. 4 Among the various SAPOs, SAPO-34 with a CHA structure, small pores (0.38 nm), and relatively moderate acid strength shows excellent catalytic properties in MTO reactions and high selectivity to light olens (above 80%), and 100% methanol conversation can be achieved, attracting considerable attention. [5] [6] [7] [8] [9] [10] According to hydrocarbon pool mechanism, 11 carbon species (typical aromatics, such as methylbenzenes and naphthalene) conned in large CHA cages together with Brønsted acid convert methanol to light olens. Narrow pore openings allow only small molecules such as light olens get through, which makes high selectivity to light olens of SAPO-34. Nevertheless, the carbon species becoming larger aromatic compounds, such as phenanthrene and pyrene during the MTO process, occupy the entire cage, leading to the rapid deactivation and short lifetime of SAPO-34.
11-13
The mass transfer of methanol in SAPO-34 crystals was limited by its small cages. Methylbenzene forms rapidly at the corner and edges of catalyst crystals, resulting in only some cages near the external surface were active in MTO reaction, and the internal cages are not entirely used. 10 It has been estimated that less 10% cages containing methylbenzenes were active in MTO reaction. 12 On the basis of Si incorporation mechanism, 13 the outer surface of SAPO-34 synthesized by conventional method possesses stronger acidity compared to inside because of the Si substitution process, 14 which could aggravate coke deposition on catalyst outer surface. Gao et al. found that reducing Si content especially the Si content on the SAPO-34 external surface can suppress propylene hydrogenation to propane and enhance the utilization of internal pore space. 15 Various approaches have been developed to improve SAPO-34 catalytic properties, such as modifying the catalyst acidity, 16, 17 optimizing the synthesis conditions, 18 decreasing the crystal size, 19, 20 and the introduction of meso-or/and macropores.
21,22
However, there is a rare report about the method which can weaken or passivate SAPO-34 acidity on outer side surface directly.
And for all we know, zeolites external functional group can be modied by a passivating agent such as metal oxides and hydride with chemical vapor deposition (CVD) or chemical liquid deposition (CLD) techniques. However, these ways inevitably cause pore blockage and the increase of diffusion resistance. 23 Epitaxial zeolite shell on the surface of a zeolite core with identical or analogous structure can avoid the side effect. Core-shell zeolite composites are comprised of a single zeolite crystal surrounded by a polycrystalline shell of another zeolite phase. 24 In recent years, a wide range of core-shell molecular sieve composites such as ZSM-5/silicate-1, Herein, we intend to use epitaxial growth method to create a nano-sized shell layer to passivate the strong acid sites on the SAPO-34 outside surface and concentrate on the formation of CHA@AEI core-shell zeolite composites comprised of a SAPO-34 core and a polycrystalline SAPO-18 shell. SAPO-18 is also a potential alternative MTO catalyst and was shown to have an improved lifetime due to the lower density and lower strength of acid sites.
31,32 SAPO-18 has the AEI framework topology, which is highly similar to CHA, and its eight-membered pore openings are the same as SAPO-34.
33-35 SAPO-34 and SAPO-18 can form intergrowth, and Smith et al. studied its crystal-growth mechanism. 36 Since the sufficient compatibility between AEI and CHA structure, epitaxial growth of SAPO-18 on the surface of SAPO-34 is possible. SAPOs is composed of Al, P, Si elements and its crystallization mechanism 9,37,38 is complicated. The formation of mixed SAPOs shell layer is usually more difficult than silica zeolites, and few people study it. We explored the synthesis conditions of core-shell SAPO-34@SAPO-18 composites including the crystal size, the surface roughness of core SAPO-34 and the silica content of the SAPO-18 colloidal solution. An integrated SAPO-18 polycrystalline shell formed on the SAPO-34 outer layer successfully. SAPO-34@SAPO-18 composites show higher olens selectivity and longer lifetime compared to original core SAPO-34 in MTO reaction. O, where x was varied between 0 and 0.3. Aluminum isopropoxide, silica sol, and TEAOH solution were mixed at room temperature and stirred at 700 rpm for at least 2 h in a beaker. To the resultant solution, phosphoric acid was added dropwise to avoid the formation of dense gel particles. Then, SAPO-34 samples were added into clear precursor solutions of SAPO-18, and the solid-to-liquid ratio was 1 : 30. Parts of core samples before addition to the solution were pretreated with TEAOH aqueous solution (1.5% wt) at 80 C for 10 h. The mixtures were transferred into Teon-lined stainless steel autoclaves, which were rotated for 30 min and heated at 160 C for 10 h under rotation. Aer separation by centrifugation and washing with water, the resultant product was dried at 110 C for 10 h and calcined at 550 C for 8 h. The synthesis conditions of samples are summarized in Table 1 . Core-shell samples are denoted as C(p)@xS, where C is lled with core sample name LS or SS; the presence of p shows that the core SAPO-34 had been pretreated; S represents shell, and x is consistent with the SiO 2 /Al 2 O 3 molar ratio in SAPO-18 precursor solutions. In case of SSp@0.15S, the sample was prepared by sample SS aer pretreatment and the SAPO-18 precursor solutions of which the SiO 2 /Al 2 O 3 molar ratio is 0.15. The mass increase rate of samples was calculated by the following formula: mass increase rate ¼ (M 2 À M 1 )/M 1 , where M 1 and M 2 are the total weight of added SAPO-34 cores and the total weight of recovered core-shell particles aer ltration and drying, respectively.
Experimental

Characterization
The XRD patterns were recorded on a D8 advance X-ray diffractometer using Cu Ka radiations in the range of 2q ¼ 3-50
. The elemental composition of samples was determined using an energy dispersive spectrometer (EDS TEAMEDS). Nitrogen adsorption-desorption measurements were carried out at À196 C on Micromeritics ASAP 2020M analyzer, aer the samples were degassed at 350 C for 6 h. Crystal morphology, size and particle size distribution were assessed by scanning electron microscopy (SEM JSM-6360LV); eld emission scanning electron microscopy (FESEM Nova NanoSEM 450) and transmission electron microscope (TEM JEM-1400). NH 3 -TPD was performed on Micromeritics AutoChemII 2920. Typically, 200 mg of samples was pretreated at 550 C for 2 h in He ow (40 ml min À1 ) and subsequently cooled to adsorption temperature of 100 C. Aer contact of the sample to remove weakly adsorbed NH 3 molecules for 60 min. Finally, the He ow (40 ml min À1 ) was passed through the sample with increasing temperatures up to 650 C at the rate of 10 C min À1 . 29 Si MAS NMR spectra were recorded with a 4 mm MAS probe with a spinning rate of 4 kHz using high-power proton decoupling. 2500 scans were accumulated with a p/4 pulse width of 2.5 ms and a 5 s recycle delay.
Catalytic reaction
The MTO reaction was carried out in a xed bed at 425 C under atmospheric pressure. 500 mg sample (40-60 mesh) was packed on the quartz wool plugging inside the stainless steel reactor (i.d: 0.9 cm, length: 65 cm). Pure methanol was fed into preheater kept at 200 C with a ow rate of 0.01 ml min À1 by an advection pump (2PB00C, Beijing Satellite Manufacturing Factory, China). Nitrogen used as an inert diluents gas was cofed with methanol into pre-heater at 20 ml min À1 . The space velocity in WHSV was kept to 1 h À1 . The analysis of the reaction product was performed on online chromatographs: Agilent GC 6890N equipped with a ame ionization detector (FID) and a plot-Q column.
The coke formation of as-synthesized samples was investigated in Thermax700 thermo-gravimetric analysis (TGA) instrument at 425 C under atmospheric pressure. The introduction of TGA reactor was reported in our previous work.
40
250 mg of samples (40-60 mesh) are loaded at the bottom of bronze sample basket. Methanol feed was injected into reaction system from the constant ux pump at the ow rate of 0.02 ml min À1 , with nitrogen as diluent at 40 ml min À1 , and methanol partial pressure was approximately 21.7 kPa. The change of catalyst weight can be recorded in situ precisely, with a 0.5 s record frequency.
Results and discussion
Characterization of core-shell SAPO-34@SAPO-18 composites samples
As can be seen from Table 1 , the mass increase rate of core-shell composites raised with the increase of silica concentration of SAPO-18 gel. The surface molar composition was investigated by EDS. Though EDS analysis cannot give the quantitative result, it shows that the silica content of core-shell composites samples is lower than the original core crystals. This could be aroused by that the SAPO-34 crystals were coated by low-silica SAPO-18 layers. It is noted that the surface silica content of SSp@0S and LSp@0S were not signicantly declined. This phenomenon was probably caused by the low coverage of SAPO-18 due to extremely low silica content in SAPO-18 colloidal solution. XRD patterns of samples are shown in Fig. 1 . Sample LS and SS show the typical diffraction peaks of the CHA structures, and c Determined by an energy-diffusive X-ray spectroscope (EDS) analysis.
sample SAPO-18 which was prepared by precursor solutions without adding SAPO-34 matches very well with the XRD pattern of the AEI-type molecular sieve. Most core-shell composites samples did not show apparent diffraction peaks due to AEI structure except LSp@0.3S. It was supposed to be the SAPO-18 shell layers are too thin to provide diffraction patterns with accurate relative intensities using a conventional diffractometer. 41 We collect the detached SAPO-18 shell by centrifugation from sample SSp@0.3S aer ultrasonic treatment by 0.05 mol l À1 ammonia solution for 1 h. The characteristic diffraction peaks of AEI appeared in the XRD pattern of the detached shell (Fig. S1 †) . The diffraction peaks around 2q ¼ 17.1 and 21.5 due to the SAPO-18 in the LSp@0.3S XRD pattern could be caused by the agglomeration of dissociate SAPO-18 particles. The agglomeration with large size could present stronger diffractions of AEI structure compared with thin shell layers.
SEM was used to determine the morphology of the materials and the results were shown in Fig. 2 . It is immediately clear that there is a signicant change in surface morphology between the core-shell composites and original SAPO-34 crystals. The core sample LS ( Fig. 2A 1 ) and SS (Fig. 2B 1 ) exhibit a cubical morphology with at and smooth external faces although their crystal sizes are different (the pristine LS presented crystals of 5-10 mm, and SS presented crystals of 1-4 mm). Aer epitaxial growth in the clear precursor solution of SAPO-18, a shell layer composed of nano-sized, aky grains could be observed. The surface crystals are consistent with the morphology of SAPO-18 ( Fig. S2 †) synthesized by the precursor solution without adding SAPO-34. Besides, the dissociative sheet-like SAPO-18 crystals were visible in core-shell samples with LS cores. It indicates that the homogeneous nucleation of SAPO-18 occurred in the epitaxial growth period. The phenomenon is evident in the sample LSp@0.3S (Fig. S2 †) , and the SAPO-18 agglomeration could be observed. The result is concomitant with the XRD pattern. Comparing LSp@0.15S ( Fig. 2A 3 ) with LS@0.15S, we found that the pretreatment could reduce the dissociative SAPO-18 particles and improve the degree of SAPO-18 coverage. This observation is similar to the results of Brent et al. in which they found that the rougher the original surface of K-LTL, the greater the coverage of Ba-LTL crystals. 42 In the core-shell samples with LS cores, the nano-sized SAPO-18 plate-like crystals were overlaid like sh scales on the surface of cube-like SAPO-34 cores. However, they were oriented randomly in the samples SSp@0.15S (Fig. 2B 2 ) and SSp@0.3S (Fig. 2B 3 ) . Meanwhile, the dissociate SAPO-18 crystals decrease naturally. As shown in Fig. 3A , the nano-sized SAPO-18 particles distributed sporadically on the surface of SS cores in the SSp@0S. It appeared an integrated core-shell structure cannot be formed when colloidal solutions for epitaxial growth without Si content. The TEM images (Fig. 4) also conrmed the core-shell structure of SSp@.15S. A thin polycrystalline SAPO-18 shell wraps the SS core completely. The shell thickness is around 250 nm, which is approximately equal to the size of an individual plate-like SAPO-18 particle.
By our ndings, the proposed process for the formation of core-shell SAPO-34@SAPO-18 composites is shown in Scheme 1. With heating of clear SAPO-18 colloidal solution, the dissolved Al-, P-, and Si-sources start to react and form precursor species. The defects on the SAPO-34 surface become the anchor points of SAPO-18 precursor species. Simultaneously, the precursor species nucleate and then crystallize by addition of nutrients from the synthesis solution. Finally, SAPO-18 polycrystalline shell layers form on the surface of SAPO-34 cores. During epitaxial growth, there are two competing types of SAPO-18 nucleation: heterogeneous and homogeneous. Compared two routes in Scheme 1, it can be concluded that the improvement of the surface roughness and the decrease of core crystal size benet heterogeneous nucleation. Heterogeneous nucleation drives the SAPO-18 particles to grow on the core surface, and a better core-shell structure can be achieved. Small crystal size could bridge the distance between crystal nucleus and make SAPO-18 grow interactively, which creates more compact shell layers. Si content in the precursor solution can affect the quantity of crystal nucleus and growth speed of SAPO-18. Nanosized SAPO-18 particles are incapable of clustering to coat cores entirely when Si content in the precursor solution is extremely low. Smith et al. probed the growth mechanism of the SAPO-34/ SAPO-18 intergrowth materials and found two competing mechanisms at the surface: layer-by-layer and spiral. 36 The intergrowth phase can be formed by layer growth since the (001) surface of SAPO-18 is isostructural with SAPO-34. The structure of the interface between the SAPO-34 core and SAPO-18 shell may be analogous to the intergrowth materials. SAPO-18 shell layers could connect core SAPO-34 in the [001] AEI direction without any blocking.
The textural properties of SAPO-34, SAPO-18, and core-shell composites were determined using N 2 adsorption-desorption measurements. The results were shown in Table 2 . All of the samples show type-I N 2 adsorption/desorption isotherms (Fig. S3 †) . The uptake near saturation pressure in the isotherms could be observed in the core-shell composites and sample SAPO-18, and these samples exhibited increased external areas and mesopore volume as compared with core samples. The phenomenon most probably related to space lling in grain boundaries or pinholes between small SAPO-18 crystals. Notably, core-shell samples except LSp@0.3S exhibited larger microporous areas than core samples. It indicates that nanosized SAPO-18 shell did not block outermost pore openings of SS core. The decreased microporous area of LSp@0.3S thanks to the occultation of dissociative SAPO-18 crystals to the pore openings. The acidic properties of the samples were measured by NH 3 -TPD, and the results were shown in Fig. 5A and S4 . † All the samples presented two desorption peaks at 180-230 and 410-480 C. The former one was attributed to the desorption of physisorbed NH 3 , and NH 3 adsorbed on lattice defects or terminal Si(OH), P(OH) and Al(OH). The latter one mainly arose from NH 3 desorption from Brønsted acid sites (the bridged hydroxyl groups Si(OH)Al), which should be active for MTO reaction. Core sample SS exhibits extremely high and broad weak acid peak and the strong acid peak locating at the higher temperature compared to LS, which should be correlated with high SiO 2 content in SS initial gel. Abundant silicon incorporated into SAPO-34 created a large number of silica islands. 43 In the framework of SAPO-34, the acidic strength of bridge hydroxyl species of Si(nAl) decrease in the order of Si(1Al) > Si(2Al) > Si(3Al) > Si(4Al) > Si(0Al). 44 The high and broad weak peak of sample SS might be ascribed to Si(0Al) in the mid of these silica islands. Si(1-3Al) at edges of silica islands increase the strong acid sites strength of sample SS, which causes the higher desorption temperature. The strong and weak acid peaks of core-shell composites are both shied to lower temperature and exhibit smaller areas compared to core samples, suggesting the decrease of acidity and acid quantity derived from SAPO-18 decoration. The low-silica SAPO-18 shell layer replaced the original external surface containing numerous silica islands, which make an inevitable sacrice of surface acidity. It is noted that SSp@0.15S possess the weakest acidity among all coreshell composites, which could be corresponded to better coreshell structure and the moderate Si content in the SAPO-18 precursor solution. 29 Si MAS NMR was used to investigate the Si environment in the framework of samples SS and SSp@0.15S. The 29 Si MAS NMR spectra (Fig. 5B) presents ve resonance signals with chemical shi at À89, À94, À100, À105 and À110, corresponding to the coordination states of Si(4Al), Si(3Al), Si(2Al), Si(1Al) and Si(0Al), respectively. Sample SS presents rather intensive peaks at À105 and À110 pm assigned to Si(1Al) and Si(0Al). It implied that a large number of silica islands existed, indicating a good agreement with NH 3 -TPD results. Sample SSp@0.15S presents weaker peaks at À94, À100, À105
and À110 compared to sample SS, which suggested the decrease of Si(3Al), Si(2Al), Si(1Al), Si(0Al). The different Si distribution that we have observed for sample SSp@0.15S could be attributed to the shell layer.
Catalytic performance in the MTO reaction of SAPO-34@SAPO-18 composites samples
The catalytic properties for MTO reaction of core and core-shell composites samples were tested in a x-bed reactor. The mechanical mixture denoted as sample MM was prepared by mixing 1.6 g SS with 0.75 g SAPO-18 (mixing ratio was consistent with the mass increase rate of SSp@0.15S). Its catalytic properties were also investigated in MTO reaction to elucidate the effect of core-shell structure on catalytic performance. As shown in Fig. 6 , the lifetime (during which >99% methanol conversion can be kept) is the only 250 min for the core sample SS catalyst. Sample SAPO-18 presented the most extended lifetime of 680 min. The obviously prolonged lifespan b S micro (micropore area), S ext (external surface area) and V micro (micropore volume) determined from the t-plot method. c V meso (mesopore volume) ¼ V bet À V micro ; V bet is determined from the adsorbed volume at P/P 0 ¼ 0.98. could be observed over core-shell composites samples, revealing that the catalytic stability could be increased aer epitaxial growth of SAPO-18. Sample SSp@0.15S showed a longer lifetime of 580 min compared with sample MM, indicating the signicance of the core-shell structure. Complete methanol conversion over sample SSp@0S and SSp@0.3S could be maintained for about 335 min, which was shorter than SSp@0.15S, while samples SSp@0S and SSp@0.3S showed slower deactivation rate and methanol conversion exceeding 95% could be kept for approximately 505 min. To our knowledge, the catalytic stability of acidic zeolites during the MTO process is inuenced by multiple factors, such as acidity and crystal size. The superior stability of sample SAPO-18 had the benet from the low acidity and the small crystal size. A higher acid strength and density do a favor for coke deposition causing a shortened catalyst lifetime. As evidenced by NH 3 -TPD, core samples possessed stronger acidity compared to core-shell samples. Excessive strong acid sites facilitated the coke formation, which results in rapid blocking of pore channels and openings near the external surface of the catalyst. Eventually, the mass diffusion pathway was inhibited, and the original core samples show inferior catalytic stability. On the one hand, the SAPO-18 shells could passivate the surface acidity of core crystals and decelerated the coking rate near outer layer. On the other hand, the AEI cage possessing larger void volume compared to the CHA cage may do a favor for the mass transfer of methanol and the products. Consequently, the blocking of pore openings near the outer layer was inhibited, and more internal cages could be active, leading to the improved catalytic stability. Sample SSp@0.15S obtained the outstanding catalytic stability among core-shell composites samples result from the integrated SAPO-18 layers with a low acidity. The poorer stability of sample SSp@0S seemed to be caused by incomplete coverage. As to SSp@0.3S, relative high silica content in gel seemingly couldn't passivate surface acidity efficiently, leading to higher coke deposition rate and shorter lifetime. The light olens (ethylene and propylene) selectivity was shown in Fig. 6 . It could be seen that light olens are the main products for all catalysts. Sample SS displays the lowest selectivity to ethylene plus propylene (maximum of 74.1%), in accordance with it having the short catalytic lifetime. With the decoration of nano-sized SAPO-18 shell, the selectivity to ethylene plus propylene presents an increasing trend, and sample SSp@0.15S exhibits excellent selectivity to ethylene plus propylene (maximum of 83.1%), which are apparently higher than that of core sample SS. The light olens selectivities of samples SS, MM and SSp@0.3S show a declining trend at the beginning of the MTO reaction, which is resulted from hydrogen transfer reaction of propylene to propane. The hydrogen transfer index (HTI, C 3 H 8 /C 3 H 6 ) of samples was shown in Fig. S7 . † The HTI values over samples SSp@0.15S and SSp@0S start from 0.23 which are much lower than that over samples SS, MM and SSp@0.3S, and remain equable in the initial period of MTO reaction. The reduction of strong acid sites by the epitaxial growth in a low-silica SAPO-18 precursor solution could depress propane formation. As a result, coreshell composites samples exhibited better initial selectivity to ethylene plus propylene compared with core samples. On the contrary, without the epitaxial growth, disperse SAPO-18 particles couldn't tune external surface acidity, and the HTI value still kept high in the initiation of the MTO reaction over sample MM. Sample SSp@0.3S presents a higher selectivity to light olens compared to sample SSp@0.15S aer 108 min of TOS despite high HTI value in the initial period. According to NH 3 -TPD and the selectivity to heavy products (Fig. S4 †) , we implied that surplus strong acid sites in sample SSp@0.3S promote the formation of polycyclic aromatic hydrocarbons which occupy the cages restraining heavy products generation and diffusion. As a result, sample SSp@0.3S possessed shorter lifetime and higher light olens selectivity. The stability of our core-shell composites sample SSp@0.15S was further tested by a reactionreactivation cycling. As shown in Fig. S8 , † the lifetime and selectivity of ethylene plus propylene are quite stable during four times cycling.
By use of Thermax700 TGA reactor, the coke formation processes of samples SS, SSp@0.15S, MM, LS, LSp@0.15S were recorded in situ. The dehydration of samples during the heating process has been observed by TGA instrument. AS shown in Fig. S9 , † the dehydration amount is roughly 23.5% (wt%) in every circumstance. Dehydrated weight is used for the calculation of WHSV in the study of coke deposition behaviors. As depicted in Fig. 7 , the weight of catalyst increased soon aer methanol injection. The weight increasing rate slowed down, and TGA curve turned into the at with reaction time. It can be seen that sample SS has larger coke content than sample LS, which is contributed to the smaller crystallite size. Sample SSp@0.15S shows a larger capacity for coke species and a slower coking formation rate compared to sample SS. The low-silica SAPO-18 shell layer with low acid sites inhibited coking and blocking of the pore openings. The larger void volume of AEI cage compared to CHA cage (1450Å 3 compared to 1110Å 3 )
could reduce the diffusion resistance in the outer layer of catalyst particles. The mass transfer is improved, and the internal cages are better utilized. Conversely, the nally steady coke content of sample MM decreased to 15%, which is probably attributed to that dissociative SAPO-18 particles blocked SAPO-34 pore opening during pelleting. The TGA results demonstrate the positive function of nano-sized SAPO-18 shell layer formed by epitaxial growth method for better utilization of internal pore space.
Conclusions
SAPO-34 crystals were coated with low-silica SAPO-18 ploycrystallites shells of about 250 nm thickness by epitaxial growth method. Core crystalline size, Si content in SAPO-18 clear precursor solution and pretreatment is revealed to be crucial to the shell layers formation. Improving the surface roughness and decreasing the crystal size could supply more anchorage points for the heterogeneous nucleation and epitaxial growth of SAPO-18. Excessive low silica content in the SAPO-18 precursor solution goes against SAPO-18 growth, leading to the low coverage of SAPO-18. Core-shell SAPO-34@SAPO-18 composites showed enhanced catalytic performance including longer catalytic lifetime and higher selectivity towards light olens compared to original core SAPO-34. The low-silica SAPO-18 shell layer can weaken the strong acid sites of SAPO-34. It can efficiently depress hydrogen transfer reaction of propylene to propane. The larger void volume of AEI cage compared to CHA cage and low coking deposition rate of SAPO-18 may improve the mass transfer of methanol and products. Eventually, core-shell composites show an improved capacity for coke species.
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